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Abstract
The Standard Model with an added Higgs portal interaction and no explicit mass terms is a
classically scale-invariant theory. In this case the scale of electroweak symmetry breaking can
be induced radiatively by the Coleman-Weinberg mechanism operational in a hidden sector,
and then transmitted to the Standard Model through the Higgs portal. The smallness of the
generated values for the Higgs vev and mass, compared to the UV cutoff of our classically
scale-invariant effective theory, is naturally explained by this mechanism.
We show how these classically conformal models can generate the baryon asymmetry of
the Universe without the need of introducing mass scales by hand or their resonant fine-
tuning. The minimal model we consider is the Standard Model coupled to the Coleman-
Weinberg scalar field charged under the U(1)B−L gauge group. Anomaly cancellation re-
quires automatic inclusion of three generations of right-handed neutrinos. Their GeV-scale
Majorana masses are induced by the Coleman-Weinberg field and lead to the generation of
active neutrino masses through the standard see-saw mechanism. Leptogenesis occurs via
flavour oscillations of right-handed sterile neutrinos and is converted to the baryon asym-
metry by electroweak sphalerons.
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1 Introduction
Spontaneous breaking of the electroweak symmetry (EWSB) is one of the foundational concepts
of contemporary particle physics. That it occurs due to an elementary scalar Higgs field devel-
oping a non-vanishing vacuum expectation value, is a fundamental principle put forward in the
BEH mechanism [1], which is implemented in the Standard Model (SM). The discovery of a
' 125 GeV scalar particle [2,3] with properties of the Higgs boson is the crowning achievement
of the SM as an effective theory.
At the more fundamental level, the SM leaves a number of key questions unanswered. First
on the list is the question of the origin of the electroweak scale and its naturalness. The SM
accommodates the expectation value v = 246 GeV for the Higgs field and the Higgs mass
mh ' 125 GeV essentially as input parameters, but it does not (nor is it expected to) explain
the origin or the value of the electroweak scale, and in particular its smallness compared to
the UV cutoff or the scale of new physics. The list of questions left unanswered by the SM
continues and includes the generation of the baryon asymmetry of the Universe, the nature
of Dark Matter and the particle physics implementation of inflation. In this paper we will
argue that a minimal extension of the SM can naturally provide an explanation for electroweak
symmetry breaking and the baryon asymmetry. These two phenomena in fact will have the
same origin in the classically scale invariant theory.1
An elegant way to explain how the vev (and the mass) of the scalar field were generated
and why their values are naturally suppressed by many orders of magnitude relative to the
UV scale at ∼ MPl, is to start from a purely massless theory, and to generate the mass gap
radiatively. In a seminal paper [4] Coleman and E. Weinberg showed that in gauge theory a
classically massless
m2 := ∂2φV (φ)
∣∣∣∣
φ=0
= 0 (1.1)
scalar field φ does develop the vev via dimensional transmutation from the running couplings,
leading to spontaneous breaking of gauge symmetry. The vev is non-vanishing, calculable in a
weakly-coupled theory and is exponentially suppressed relative to the UV cutoff,
〈|φ|〉 ∼ MUV × exp
[ −24pi2
g2CW (〈|φ|〉)
]
MUV , (1.2)
where gCW is the gauge coupling of φ, and for the vev we use
2 〈|φ|〉 := √〈|φ|2〉.
The use of the Coleman-Weinberg (CW) mechanism is based on approximate scale invariance
of the theory. The scale invariance of the SM can either be seen as softly broken [5], or it can be
realised only as a classical symmetry. The concept of classical scale invariance, first discussed
in [6], asserts that no masses are allowed in the classical Lagrangian of the effective theory under
consideration; all mass scales must be generated dynamically in the IR. Even earlier, Ref. [5]
considered the set-up where scale invariance is softly broken and discussed the appropriate
choice of UV regularisation for such theories.
The minimal model to realise classical scale invariance is the Standard Model with an
additional CW “hidden sector” and the Higgs portal-type coupling to the SM [7–15]. The
1An implementation of the cosmological inflation mechanism and the inclusion of the dark matter candidate
in the classically scale-invariant extended Standard Model is considered in the follow-up paper.
2In what follows we do not distinguish between 〈|φ|2〉, 〈|φ|〉2 and |〈φ〉|2.
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classical potential for scalar fields in this minimal scenario is,
Vcl(H,φ) =
λH
2
(H†H)2 +
λφ
4!
|φ|4 − λP(H†H)|φ|2 . (1.3)
The first two terms are the ordinary self-couplings for the Higgs field H and the Coleman-
Weinberg scalar φ. The last term is the Higgs-portal [16] interaction between the SM Higgs
field and the hidden sector field φ. The portal coupling generates the negative Higgs-mass-
squared = −λP |〈φ〉|2 needed to trigger EWSB at the scale v which is exponentially suppressed
relative to the UV cutoff scale as a consequence of (1.2).
To preserve classical scale invariance as an approximate quantum symmetry in the UV, only
the scale-preserving UV regularisation schemes can be used [5]. In dimensional regularisation,
which does not introduce any explicit scale aside from the RG scale, entering the logarithmically
running couplings, the masslessness equation (1.1) is satisfied automatically for all values of the
RG scale in theories which contain no explicit mass scales at the outset, and no finite corrections
to dimensionful quantities can appear either.
The Coleman-Weinberg field φ can be viewed as the pseudo-dilaton arising from the ap-
proximate scale invariance broken by the running of dimensionless couplings. In the classically
scale-invariant BSM theory all mass scales should be linked to and originate from 〈φ〉. It is
thus unlikely that a compelling explanation could be found for generation of vastly different
scales in the theory. Thus it is a prediction of this general formalism for BSM model building
with classical scale invariance and at weak coupling that no vastly different scales can exist
in the theory. The Planck scale can be taken separately in this case, as gravity is viewed as
a background to the effective classically scale-invariant theory. But all other particle-physics
scales, as soon as they are generated by dimensional transmutation through the vev of the
Coleman-Weinberg pseudo-dilaton, should not be separated from one another by many orders
of magnitude.
To give an example, this model-building principle severely disfavours Grand Unification,
since the GUT scale and the electroweak scale would have to have the same origin in 〈φ〉 and
this would be quite difficult to implement given 14 orders of magnitude between them.
What about the baryon asymmetry? With no signs of supersymmetry and no anomalies in
the quark flavour sector, the most attractive (and arguably least unlikely) scenario for generating
the baryon asymmetry of the Universe is leptogenesis. In the standard scenario of thermal
leptogenesis [17], a lepton asymmetry is generated by decays of heavy right-handed Majorana
neutrinos into Standard Model leptons at temperatures much above the electroweak scale. The
lepton asymmetry is then reprocessed into the baryon asymmetry by electroweak sphalerons
[18, 19] above the electroweak scale. However, to generate the observed value of matter-anti-
matter asymmetry in the vanilla version of leptogenesis requires extremely heavy masses for
sterile neutrinos, M & 109 GeV [20,21]. If this was the full story, the classical scale-invariance
would be ruled out by M ≫ v. Instead we will adopt an alternative approach to leptogenesis
pioneered in Ref. [22] and further developed in [23, 24]. In this approach, the lepton flavour
asymmetry is being produced during oscillations of the right-handed Majorana neutrinos with
masses of the order of the electroweak scale or below, which is perfectly suited for our classically
scale-invariant setup.
The paper is organised as follows. In Section 2.1 we recall how the generation of the
electroweak scale occurs in a minimal classically scale-invariant theory based on the U(1)CW
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extension of the Standard Model. The B − L realisation of this model which automatically in-
cludes sterile right-handed Majorana neutrinos is outlined in 2.2. The formalism of leptogenesis
via Majorana neutrino oscillations is presented in 3.1. Section 3.2 adapts and applies theses
ideas to our classically scale-invariant models. The matter-anti-matter asymmetry is calculated
and analysed in Section 4 which also contains our benchmark points. Conclusions are outlined
in Section 5.
2 EWSB in the classically conformal extension of the Standard
Model
As we already noted, the classically scale-invariant extension of the Standard Model does not
allow for tree-level mass terms. We now recall how the Coleman-Weinberg mechanism leads
to EWSB in the Higgs-portal theory. Below we will summarise the relevant for us formulae
following [12].
2.1 The minimal U(1)CW × SM theory
The Coleman-Weinberg complex scalar φ is coupled to a U(1)CW gauge theory (this forms
the hidden sector), while the Higgs doublet H has standard interactions with the SU(2)×U(1)
gauge fields (as well as the matter fields) of the Standard Model. The classical scalar potential
is given by3
Vcl(H,φ) =
λH
2
(H†H)2 − λP(H†H)|φ|2 + λφ
4!
|φ|4 , (2.1)
where the Higgs doublet H in the unitary gauge takes the form HT (x) = 1√
2
(0, v + h(x)) .
At the origin in field space where all field vevs are zero, there are no scales present in the
theory. This feature is maintained in the full effective potential due to the renormalisation
subtraction conditions,
∂2V (H,φ)
∂H†∂H
∣∣∣∣
H=φ=0
= 0 =
∂2V (H,φ)
∂φ†∂φ
∣∣∣∣
H=φ=0
. (2.2)
These conditions are automatic in dimensional regularisation of any theory with classical scale
invariance and hold for any value of the RG scale µ in dimensional regularisation which does
not break scale invariance.
In the phenomenologically relevant near-decoupling limit between the hidden and the SM
sectors, λP  1, we can view electroweak symmetry breaking effectively as a two-step process
[12].
First, the CW mechanism generates 〈|φ|〉 in the CW sector as dictated by (1.2) through
running of the gauge CW coupling. At the scale µ = 〈|φ|〉 the scalar coupling λφ is of the order
of g4CW  1 rather than g2CW .
3We use the normalisation of [4] for the complex field φ = φ1 + iφ2 in terms of two real scalar fields with
canonical kinetic terms 1
2
(∂µφ1∂
µφ1 + ∂µφ2∂
µφ2). This is related to the canonically normalised complex scalar
S = (φ1 + iφ2)/
√
2 via a simple rescaling, S = φ/
√
2.
3
To see this, consider the 1-loop effective potential evaluated at the scale µ = 〈|φ|〉 ,
V (φ,H) =
λφ
4!
|φ|4 + 3g
4
CW
64pi2
|φ|4
[
log
( |φ|2
〈|φ|2〉
)
− 25
6
]
− λP(H†H)|φ|2 + λH
2
(H†H)2 . (2.3)
Here following [12] we are keeping 1-loop corrections arising from interactions of φ with the U(1)
gauge bosons in the hidden sector, but neglecting radiative corrections from the Standard Model
sector. The latter would produce only subleading corrections to the vevs. The φ-minimisation
condition gives
∂φV =
1
6
(
λφ − 33
8pi2
g4CW
)
〈|φ|〉3 − 2λP〈|H|2〉〈|φ|〉 = 1
6
(
λφ − 33
8pi2
g4CW − 12
λ2P
λH
)
〈|φ|〉3 = 0 .
(2.4)
This equation implies that the vev 〈|φ|〉 is determined by the condition on the four couplings
renormalised at the scale of the vev
λφ(〈|φ|〉)− 33
8pi2
g4CW (〈|φ|〉) = 12
λ2P(〈|φ|〉)
λH(〈|φ|〉) ' 0 . (2.5)
For small λP, this is a small deformation of the original CW condition, λφ(〈|φ|〉) = 338pi2 g4CW (〈|φ|〉).
The second step of the process is the transmission of the vev 〈|φ|〉 to the Standard Model
via the Higgs portal, generating a negative mass squared parameter for the Higgs = −λP〈|φ|2〉
which fixes the electroweak scale:
1
2λP
(125 GeV)2 =
λH
2λP
(246 GeV)2 = 〈|φ|2〉 , (2.6)
where we used mh = 125 GeV and
√
2〈H〉 = 246 GeV. The fact that for λP  1 the generated
electroweak scale is much smaller than 〈|φ|〉, guarantees that any back reaction on the hidden
sector vev 〈|φ|〉 is negligible.
The two vevs, 〈|φ|〉 and v are generated naturally through dimensional transmutation in our
framework similarly to (1.2),√
λH
2λP
v = 〈|φ|〉 ' ΛUV exp
[ −24pi2
g2CW (〈|φ|〉)
]
 ΛUV . (2.7)
In the hidden sector we have two additional fields: φ and the extra U(1)hidden gauge field
Z ′. After φ acquires a non-vanishing vev, the Z ′ becomes massive4
mZ′ = gCW 〈|φ|〉 . (2.8)
The Z ′ boson is much heavier than the CW scalar, since from (2.3) we have m2ϕ =
3g2CW
8pi2
m2Z′ ,
thus mZ′ would have to be in the few TeV range in order to be not yet seen at the LHC.
Let us count the parameters of the model: the SM Higgs self-coupling is fixed by the ratio
of known electroweak scales, while the other self-coupling, λφ, is determined from the CW
dimensional transmutation condition (2.5). There are two undetermined parameters in our
4If the U(1)CW charge Qφ of the CW scalar field is different from unity, as will be the case for the B − L
model discussed in the following section, the gauge coupling in the expressions on the right hand side of Eq. (2.8)
and in the second equation in (2.9) should be rescaled as gCW → Qφ gCW .
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model which one can take to be the hidden sector gauge coupling, g2CW , and the (small) portal
coupling λP. In this case, the two mass scales associated with the hidden scalar are fixed,
〈|φ|2〉 = 1
2λP
m2h, m
2
ϕ =
3g4CW
8pi2
〈|φ|2〉 = 3g
4
CW
16pi2
1
λP
m2h . (2.9)
Alternatively, the two free parameters can be chosen to be the mass of the hidden Higgs, mϕ,
and the Higgs portal coupling λP.
The phenomenology of this model in the context of LHC, future colliders and low energy
measurements was analysed in [12]. The minimal model has only two remaining free parameters,
the mass of the CW scalar5, and the portal coupling λP, and it was shown that the model is
perfectly viable. In particular, the presently available Higgs data constrains the portal coupling
to be λP . 10−5 on the ‘half’ of the parameter space where the second scalar is in the region
between 10−4 GeV and mh/2.
At the same time, inside a much more restricted window in the parameter space, where the
second scalar is heavier than mh/2, but less than 100 GeV, the portal coupling can be pushed
up to the λP ∼ 10−3 regime. In this narrow window, the Higgs potential is automatically
stabilised at high scales by the positive contribution ∝ λ2P to the Higgs self-coupling λH beta
function, a recent discussion of this effect can be found in [15, 25], see also [26]. As the result,
here the EWSB vacuum at v = 246 GeV is stable at all energy scales.
When the second scalar is heavier than 100 GeV, the model is largely unconstrained by
current experimental data, see Ref. [12] for more detail. Future experimental data on Higgs
decays will further constrain model parameters, and will ultimately provide discovery potential
for this model.
2.2 The B− L Coleman-Weinberg extension of the Standard Model
The Coleman-Weinberg mechanism must occur in the sector separate from the Standard Model.
This is because the CW scalar must be parametrically lighter than the vector boson of the gauge
group under which the CW scalar is charged, cf. the second equation in (2.9),
m2ϕ =
3
8pi2
(Qφ gCW )
2m2Z′  m2Z′ . (2.10)
Hence the CW gauge boson is identified with Z ′ rather than with the Z boson of the SM SU(2)L
which is of course lighter than its scalar (i.e. the Higgs). The minimal CW gauge group is U(1)
(though nothing prevents the CW mechanism to work well in the non-Abelian settings [4]; for
a recent SU(2) CW application see [15]).
In Eq. (2.10) we have allowed for a general Qφ, which denotes the charge of the CW scalar
under the U(1) gauge group; it will be set to Qφ = 2 in the B − L model we are going to
consider.
An interesting idea [10, 11] is to identify the CW U(1) factor with the gauged B − L U(1)
flavour subgroup of the Standard Model. This gives the classically conformal realisation of what
is known as the B − L model [27,28].
5More precisely, since the Higgs field and the CW field mix, it is the mass of the second scalar eigenstate,
with the first being the mh = 125 GeV Higgs. This parameter can also be traded for the mass of the CW gauge
field Z′.
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We thus have gCW ≡ gB−L, and the Z ′ massive (& few TeV) vector boson now couples to
quarks and leptons of the Standard Model proportionally to their B − L charge. The SM Higgs
carries no baryon or lepton number and therefore does not couple to the U(1)B−L sector.
The appeal of this model with local U(1)B−L group is that the cancellation of gauge anoma-
lies requires an automatic inclusion of three generations of the right-handed neutrinos, νRi.
These neutrinos carry lepton number = 1 and transform under U(1)B−L, but are sterile under
the SM gauge groups. Finally, the Coleman-Weinberg scalar field φ is assigned the B−L charge
= 2. Interactions of right-handed neutrinos νRi are given by
LνRint = −
1
2
(
Y Mij φ ν
c
RiνRj + Y
M †
ij φ
† νRiν
c
Rj
)
− Y Dia νRi(H) lLa − Y D †ai lLa(H)† νR i (2.11)
where Y Mij and Y
D
ia are 3 × 3 complex matrices of the Majorana and Dirac Yukawa couplings
respectively. The right-handed neutrinos νRi are SM singlets (often referred to as the sterile
neutrinos), they carry lepton number L = +1 and their antiparticles, νRi, have L = −1. The
charge-conjugate anti-particle, νcRi has the same lepton number +1 as the state νRi. In the
unbroken phase, the lepton number is conserved by all interactions in (2.11) when φ is assigned
lepton number −2. The first two terms on the right hand side of (2.11) give the only interactions
of the CW scalar φ with matter fields (apart from its small mixing with the Higgs). This is a
consequence of its L = −2 charge assignment.
Spontaneous breaking of the B − L symmetry by the vev 〈|φ|〉 6= 0 generates Majorana
masses
Mij = Y
M
ij 〈|φ|〉 (2.12)
which lead to lepton number non-conserving interactions. Importantly, individual lepton flavour
is also not conserved: Mij are complex matrices which induce CP-violating transitions between
lepton flavours i and j of the right-handed neutrinos.6
In summary, the single U(1)B−L hidden sector simultaneously incorporates the Coleman-
Weinberg scalar which triggers the EWSB, and also gives rise to the Majorana sterile neutrinos
which through the see-saw mechanism give rise to masses of active neutrinos and neutrino
oscillations [10, 11]. Furthermore, as will be shown below, the generation of matter-antimatter
asymmetry through leptogenesis now becomes possible and without fine-tuning.
3 Neutrino oscillations and leptogenesis
Leptogenesis is the idea that the baryon asymmetry of the Universe has originated in the lepton
rather than quark sector of the theory. In the standard scenario of thermal leptogenesis [17]
one starts with the see-saw Lagrangian involving right-handed neutrinos with Majorana mass
terms coupled to the Standard Model left-handed lepton doublets (cf. Eq. (2.11)),
LνRint = −
1
2
(
Mij νcRiνRj + M
†
ij νRiν
c
Rj
)
− Y Dia νRi(H) lLa − Y D †ai lLa(H)† νR i . (3.1)
It is usually assumed that a lepton asymmetry was generated by decays of heavy right-handed
Majorana neutrinos at temperatures much above the electroweak scale. These heavy sterile
6This is most easily seen in the “Dirac-Yukawa basis” where the Dirac Yukawa matrices Y Dia are diagonalised
and real, but not the Majorana ones Y Mij .
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neutrinos were thermally produced during reheating in the early Universe and then fell out
of thermal equilibrium due to the Universe expansion. Their out-of-equilibrium decays into
Standard Model leptons and Higgs bosons violate lepton number and CP, thus producing lepton
asymmetry, which is then reprocessed into the baryon asymmetry by electroweak sphalerons
above the electroweak scale.
The defining phenomenological signature of these models is that the masses of the sterile
Majorana neutrinos should be M & 109 GeV [20, 21]. Flavour effects [29] and a resonant
enhancement [30] are important and can somewhat lower this bound, but not by many orders
of magnitude7.
3.1 Leptogenesis triggered by oscillations of Majorana neutrinos
Akhmedov, Rubakov and Smirnov (ARS) in Ref. [22] proposed an alternative physical realisa-
tion of the leptogenesis mechanism which allows one to circumvent the ∼ 109 GeV lower bound.
In fact, the ARS leptogenesis is intended to work with sterile neutrinos of sub-electroweak Ma-
jorana mass-scale. The generation of matter-anti-matter asymmetry proceeds as follows. As in
the original mechanism, the right-handed neutrinos are produced thermally in the early Uni-
verse through their Yukawa interactions with lepton and Higgs doublets. After being produced,
they begin to oscillate, νRi ↔ νRj , between the three different flavour states i, j = 1, 2, 3 in the
expanding Universe, and also interact with the left-handed leptons and Higgs bosons via their
Yukawa interactions.
Since the Majorana masses in the ARS scenario are roughly of the electroweak scale, or
below, they are much smaller than the relevant temperature, Tosc, in the early Universe. For
this reason, the rate of the total lepton-number violation (i.e. singlet fermions to singlet anti-
fermions, νRi ↔ νRj , induced by their Majorana masses) is negligible at M/Tosc  1. However,
the lepton number of individual flavours is not conserved: complex non-diagonal Majorana ma-
trices induce CP-violating flavour oscillations followed by out-of-equilibrium – due to smallness
of the Yukawa matrices at Tosc – decays,
νRi ↔ νRj → lLj H (3.2)
Following [22] we now require that by the time the temperature cools down to TEW , where
electroweak sphaleron processes freeze out, two of the neutrino flavours i.e. νR2 and νR3 equili-
brate with their Standard Model counterparts, lL2,3H, while the remaining flavour (call it the
1st or e-flavour) does not.8 In terms of the decay rates for the three sterile neutrino flavours
this implies,
Γ2(TEW ) > H(TEW ) , Γ3(TEW ) > H(TEW ) , Γ1(TEW ) < H(TEW ) (3.3)
where H is the expansion rate of the Universe given by the Hubble ‘constant’
H(T ) =
T 2
M∗Pl
, M∗Pl ≡
MPl√
g∗
√
4pi3/45
' 1018 GeV (3.4)
7Unless one is willing to fine-tune sterile neutrino masses of different flavours to introduce mass degeneracy
MiMj/|M2i −M2j |≫ 1. This is not the approach we will follow.
8The opposite case where only one flavour equilibrates before the sphaleron freeze-out, can be treated similarly.
Essentially, both cases can be treated by not imposing any constraint on Γ2, i.e. by simply dropping the first
equation in (3.3).
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and M∗Pl is the reduced Planck mass.
As the result of this washout of the second and the third lepton flavours, the corresponding
lepton doublets are processed by electroweak sphalerons into baryons, while the first flavour of
right-handed neutrinos is not transferred to the active leptons fast enough before the electroweak
sphaleron shuts down. (If the sphaleron did not freeze out below TEW , all three flavours would
have had enough time to thermalise and the net lepton and baryon asymmetry would have been
zero.)
In the ARS approach9 the interactions of sterile Majorana neutrinos νRi with the thermal
plasma are described by the 3× 3 density matrix ρij with the evolution equation [31]
i
dρ
dt
= [H, ρ]− i
2
{Γ, ρ}+ iΓp , (3.5)
where H is the Hermitian effective Hamiltonian, and Γ and Γp are the destruction and produc-
tion rates of νRi. In the Yukawa basis at temperatures much higher than the Majorana mass,
the effective Hamiltonian is of the form
H = U Mˆ
2
2k(T )
U † + V (t) (3.6)
where U is the mixing matrix which relates the Yukawa basis with the mass eigenstate basis
where the Majorana masses are diagonal, Mˆ2 = diag(Mˆ21 , Mˆ
2
2 , Mˆ
2
3 ), and k(t) ' T is the
neutrino momentum.
The first term on the right hand side of (3.6) is the free Hamiltonian describing sterile
neutrino oscillations – it originates from a tree-level diagram of νRi to νRj propagation with
two helicity flips ∝ (M/2)2 connected by the propagator 2/k(T ). The second term in (3.6) is
the potential due to coherent forward scattering processes [22],
V = diag (V1, V2, V3) , Vi =
1
8
(Y Di )
2 T (3.7)
For the destruction rates of the sterile neutrino in (3.5) ARS take the dominant Higgs-
mediated two-to-two processes involving a lepton and a top-anti-top pair,
Γ = diag (Γ1,Γ2,Γ3) , Γi ∼ 9y
2
t
64pi3
(Y Di )
2 T (3.8)
where yt is the top Yukawa. More accurately, the destruction (or relaxation) rates of sterile
neutrinos can be accounted for as follows [24],
Γi =
∑
a
Y Dia Y
D †
ai γav T (3.9)
Here γav is the dimensionless quantity inferred from the rates tabulated in Ref. [32], it has
a weak dependence on temperature, so that at T = 5 × 105 GeV, γav ' 3 × 10−3 while at
electroweak temperature, γav(TEW ) ' 5× 10−3. Below, following [24], we will use (3.9) for the
relaxation rate (we also note that this expression is written in the basis-independent form).
9Reader primarily interested in the final expression for the lepton asymmetry can skip directly to Eqs. (3.15)-
(3.18) which summarise the main result as derived in Ref. [24].
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The final ingredient appearing in the ARS kinetic equation (3.5) is the production rate
Γp which is determined in terms of the destruction rate Γ above and the equilibrium density
matrix, iΓp = iΓρeq = i exp(−k/T ) Γ, [22].
The production of the asymmetry starts at the time tosc which corresponds to the tempera-
ture Tosc when the sterile neutrinos have performed at least one oscillation. This happens when
the difference of the eigenvalues of the free Hamiltonian in (3.6) becomes of the order of the
Hubble constant [22],
|M2i −M2j |
2Tosc
= 2piH(Tosc) => Tosc =
(
|M2i −M2j |M∗Pl
4pi
)1/3
(3.10)
Lepton flavour asymmetry is converted by electroweak sphalerons to baryon asymmetry
until the process ends at TEW ' 140 GeV, when the sphalerons freeze-out. By this time the
equilibration of two out of three neutrino flavours occurs as in Eq. (3.3), which is required for a
non-vanishing amount of the asymmetry generated. The equilibration condition (i.e. wash-out)
‘boundary’ determines the relevant values of the Yukawas via,∑
a
Y Dia Y
D †
ai
γav TEW
H(TEW )
∼ 1 =>
∑
a
Y Dia Y
D †
ai '
2.0
γav
× 10−16 ' 4× 10−14 (3.11)
Now, by integrating the kinetic equation for the sterile neutrino density matrix (3.5) between
tosc to tEW , the authors of [22] were able to derive the expression for the number density
n1 := ρ11 of the lepton flavour asymmetry carried by the unequillibrated flavour. Up to an
overall numerical factor and combining the neutrino mixing matrix angles together with the
CP phase δ into a Jarlskog invariant J = s12c12s13c
2
13s23c23 sin δ, the functional form of the
generated lepton asymmetry over the entropy density of the Universe s reads schematically10
ARS :
nL
s
∼ J ∆(Y
D)2∆(Y D)2∆(Y D)2 (M∗Pl)
2
|∆M2|1/3|∆M2|1/3|∆M2|1/3 γav (3.12)
Seven years after ARS, in Ref. [23], Asaka and Shaposhnikov (AS) extended this approach
by including the back-reaction of active neutrinos on the sterile neutrinos. Specifically, the
authors of [23] have solved the kinetic equation (3.5) for the 12 × 12 density matrix whose
components describe the mixing of all active and sterile neutrinos and anti-neutrinos,
ρ =

ρi j ρi j¯ ρi b ρi b¯
ρi¯ j ρi¯ j¯ ρi¯ b ρi¯ b¯
ρa j ρa j¯ ρa b ρa b¯
ρa¯ j ρa¯ j¯ ρa¯ b ρa¯ b¯
 '

ρi j 0 0 0
0 ρi¯ j¯ 0 0
0 0 ρa b 0
0 0 0 ρa¯ b¯
 (3.13)
Here the elements of the density matrix which mix sterile with active (anti)-neutrinos are
neglected as they describe correlations between particles of very different masses. Also the
elements mixing neutrinos with anti-neutrinos are dropped as they give lepton number (or
helicity) flips. The resulting ρ-matrix is an extension of the simple 3×3 sterile-to-sterile density
matrix ρi j (and its CP-conjugate ρi¯ j¯) used by ARS, as reviewed above.
10We will write down the precise and improved expression in Eq. (3.18) below.
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The functional form of the generated lepton asymmetry computed by AS is given by (cf.
Eq. (3.12)),
AS :
nL
s
∼ J˜ Y
D Y D ∆(Y D)2 (M∗Pl)
4/3
|∆M2|1/3|∆M2|1/3 γ
2
av , (3.14)
where J˜ is a certain combination of mixing angles and CP phases.
Quite remarkably, the functional form of the Asaka-Shaposhnikov result in (3.14) was fully
reproduced by the recent more technical derivation of the lepton asymmetry by Drewes and
Garbrecht (DG) in [24]. Their approach is based on a systematic application of non-equilibrium
QFT methods (the Schwinger-Keldysh formalism [33,34]) to the calculation of the lepton flavour
asymmetry, see also [35, 36]. It is this result of [24] (which in the following Section will be
adopted to the case of the Coleman-Weinberg B−L model with the 〈φ〉-induced and thermally
corrected Majorana masses) which we will use for our calculation of the resulting matter-anti-
matter asymmetry.
Having noted the fact that the non-equilibrium calculation of [24] reproduces the parametric
form (though with a different numerical factor) of the more intuitive formalism of AS based
on the density matrix, we can now proceed to simply state the equation which determines the
generation of lepton asymmetry in [24],
d
dz
nLa
s
=
2Saa
sTEW
, (3.15)
where nLa is the produced charge density of active lepton number of flavour a (particles minus
anti-particles), s = 2pi
2
45 g∗T
3 is the entropy density of the Universe and the ‘time’ variable z
is defined via z := TEW /T . On the right hand side we have the source term given by the
expression [24],
2Saa
sTEW
= −
∑
c
∑
i 6=j
i
Y D †ai Y
D
ic Y
D †
cj Y
D
ja − Y D tai Y D ∗ic Y D tcj Y D ∗ja
M2ii −M2jj
MPlTEW
z2
γ2av × 7.3× 10−4 . (3.16)
To determine the lepton asymmetry we integrate
∫ 1
zosc
2Saa/(sTEW ) dz using the expression
in (3.16). The lower limit zosc corresponds to the early temperature Tosc in (3.10) where the
oscillations of sterile neutrinos start competing with the Hubble rate,
z3osc :=
(
TEW
Tosc
)3
= 8pi
√
pi3g∗
45
T 3EW
MPl|M2ii −M2jj |
. (3.17)
The upper integration limit z = 1 is the electroweak phase transition temperature, TEW where
the sphaleron freezes out. The integral gives the desired lepton asymmetry, which is the main
result of [24],
DG :
nLa
s
= −
∑
c
∑
i 6=j
i
Y D †ai Y
D
ic Y
D †
cj Y
D
ja − Y D tai Y D ∗ic Y D tcj Y D ∗ja
sign(M2ii −M2jj)
(
M2Pl
|M2ii −M2jj |
) 2
3
γ2av×1.2×10−4 .
(3.18)
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3.2 Leptogenesis in classically massless models
The focus of this paper are BSM models with classical scale invariance. In these models no
explicit mass scales are allowed in the Lagrangian as they would break classical scale invariance,
hence all masses have to be generated dynamically, e.g. by vacuum expectation values of scalars
induced by the Coleman-Weinberg field.
In the minimal B−L model, Majorana masses Mij for right-handed neutrinos are generated
by the vev 〈φ〉 of the Coleman-Weinberg field11 in Eq. (2.12). There are two effects which need to
be taken into account. One is that at temperatures above the critical temperature TB−L ∼ 〈|φ|〉,
the spontaneously broken U(1)B−L gauge symmetry is restored, so that in the unbroken phase
the Coleman-Weinberg field vev vanishes, 〈|φ|〉 = 0. Secondly, due to interactions of right-
handed neutrinos with φ and with the B−L gauge bosons, Z ′, there are also thermal corrections
which need to be taken into account.
To do this we write down the effective Hamiltonian (3.6) in the form
H = M
2
2T
+ V M(T ) + V D(T ) , (3.19)
where the first term is the tree-level effect of Majorana mass insertions as before, it is now given
by
M2
2T
=
|Y M|2ij |〈φ〉|2
2T
Θ(TB−L − T ) '
|Y M|2ij |〈φ〉|2
2T
Θ(〈|φ|〉 − T ) . (3.20)
Here the theta-function accounts for the transition to the unbroken phase at temperatures above
TB−L ∼ 〈|φ|〉.
The second term on the right hand side of (3.19) takes into account new self-energy diagrams
for the right-handed neutrino due to interactions with the Coleman-Weinberg scalar φ and the
Z ′ bosons,
V M =
1
32
|Y M|2ij T +
1
8
g2B−L δij T (3.21)
V M is accounting for thermal corrections to the Majorana mass. The third term, V D, in (3.19)
is the already accounted for effect of Dirac Yukawa interactions in (3.7)-(3.9).
In summary, the new effects on Majorana masses are taken into account automatically with
making the substitution in the source term (3.16):
M2ii −M2jj
2T
−→ 1
2T
(
(|Y M|2ii − |Y M|2jj)(|〈φ〉|2 Θ(〈|φ|〉 − T ) + 2T (V Mii − V Mjj
)
, (3.22)
which amounts to
∆M2 := ∆M20 −→ ∆M2(T ) := ∆|Y M|2
(
|〈φ〉|2 Θ(〈|φ|〉 − T ) + 1
16
T 2
)
, (3.23)
where the zero-temperature contribution is ∆M20 which can also be written as ∆|Y M|2|〈φ〉|2.
We further note that the Z ′ contributions to V M are flavour-independent and cancel out in
∆M2(T ).
11In more general settings, the sterile neutrinos could couple to a different scalar which would get its vev
through a portal coupling to the Coleman-Weinberg field. In this paper we concentrate on the minimal case
where the scalar responsible for the Majorana mass of sterile neutrinos is the Coleman-Weinberg field itself.
Extensions with more scalars are straightforward.
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On Fig. 1(a) we plot the effective ∆M2(T ) given by the right hand side of (3.23) as the
function of temperature. For future convenience we have smoothened the step-function to
account for a more physical behaviour. Essentially, the non-vanishing mass in the broken phase
on the left is connected at T/〈|φ|〉 ∼ 1 by a finite-width bubble wall to the unbroken phase
where the mass receives only the purely thermal contribution.
The integral of the source term (3.16) in the original DG formulation (z = TEW /T ),
DG :
MPlTEW
∆M2
(∫ 1
zosc
dz
z2
)
, (3.24)
after the substitution (3.23) becomes – assuming Tosc > TB−L = 〈|φ|〉,
MPlTEW
∆|Y M|2
(∫ TEW /〈|φ|〉
zosc
dz
T 2EW /16
+
∫ 1
TEW /〈|φ|〉
dz
|〈φ〉|2z2 + T 2EW /16
)
(3.25)
or
MPlTEW
∆|Y M|2
(∫ 1
zosc
dz
|〈φ〉|2z2 + T 2EW /16
)
(3.26)
in the opposite case.
The initial ‘time’ zosc is determined in the similar manner to what was done before in (3.10).
For the Tosc > 〈|φ|〉 case it follows from
1
16
∆|Y M|2 T 2osc
2Tosc
= 2piH(Tosc) => zosc = 64pi
TEW
∆|Y M|2M∗Pl
. (3.27)
Our result for the lepton flavour asymmetry is
nLa
s
= −γ2av × 7.3× 10−4
∑
c
∑
i 6=j
i (Y D †ai Y
D
ic Y
D †
cj Y
D
ja − Y D tai Y D ∗ic Y D tcj Y D ∗ja ) × Iij , (3.28)
where Iij is the integral in (3.25),
Iij = 16∑
k(Y
M †
ik Y
M
ki − Y M †jk Y Mkj )
MPl
〈|φ|〉
(
1− 〈|φ|〉
Tosc
+
1
4
tan−1
(
4〈|φ|〉
TEW
)
− 1
4
tan−1 (4)
)
, (3.29)
where
〈|φ|〉 < Tosc := ∆|Y
M|2M∗Pl
64pi
=
∆|M0|2M∗Pl
64pi 〈|φ|〉2 . (3.30)
The low-temperature case (3.25) is treated similarly. We note that in the case where Tosc
approaches 〈|φ|〉 (or falls below it), the first integral in (3.25) disappears, since TEW /〈|φ|〉 → zosc,
in agreement with (3.26). This is manifested by the cancellation between the first and the second
term inside the brackets in (3.29), so that
Tosc ≤ 〈|φ|〉 : Iij = 4∑
k(Y
M †
ik Y
M
ki − Y M †jk Y Mkj )
MPl
〈|φ|〉
(
tan−1
(
4〈|φ|〉
TEW
)
− tan−1
(
4〈|φ|〉
Tosc
))
,
(3.31)
with Tosc in this case given by (3.10).
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Figure 1: Left panel shows the effective thermal mass squared difference ∆M2(T ) given by (3.23) with
smoothened theta function (and the initial value taken to be ∆M20 = 3 GeV
2) as the function of the
temperature over 〈|φ|〉. On the right panel, the blue curve sketches the initial temperature Tosc as the
function of 〈|φ|〉 showing the transition between the unbroken (Tosc > 〈|φ|〉) and the broken (Tosc < 〈|φ|〉)
phase. The horizontal green line gives the value of Tosc computed in the regime of [24] via (3.10). On
the right of the plot, the blue and green curves coincide.
The dependence of Tosc on the value of 〈|φ|〉 is plotted on the right panel of Fig. 1 in blue.
The red diagonal line is the Tosc = 〈|φ|〉 boundary separating the broken from the unbroken
phase. The horizontal green line gives the value of Tosc in the regime of [24] given by (3.10).
It is valid for low temperatures (high vevs) Tosc ≤ 〈|φ|〉 i.e. to the right of the diagonal red
line where the blue line coincides with the horizontal green line. On the other hand, at high
temperatures, Tosc > 〈|φ|〉, the blue line depicting Tosc is determined by the right hand side of
Eq. (3.30). In the transitional region where all three lines meet, the blue line of Tosc briefly
drops below the green line prediction of [24]. This dip is a consequence of the local minimum
on Fig. 1(a) which corresponds to the drop in the effective mass squared when one passes from
the broken to the unbroken phase.
4 Baryon asymmetry and phenomenology
Equations (3.28),(3.29) derived in the previous Section compute the lepton flavour asymmetry
generated in the classically conformal Standard Model × CWB−L. Electroweak sphalerons pro-
cess this lepton flavour asymmetry into baryon asymmetry of the Universe (BAU). As explained
in Sec. 3.1 in order to achieve a non-vanishing value of BAU it is required that at the time of
electroweak phase transition, two of the flavours of sterile neutrinos are equilibrated with their
SM decay products, but it is essential that the remaining flavour is not. Thus if the inequalities
(3.3) are satisfied, the BAU is produced ∼ −nLe. The estimate [24] is
nb
s
' − 3
14
× 0.35× nLe
s
(4.1)
where the observed value of the asymmetry is nobsb /s = (8.75± 0.23)× 10−11.
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Figure 2: Left panel shows maximal values of Majorana masses in GeV for which the wash-out bound
in Eq. (4.3) can be achieved. The panel on the right shows contours for the baryon asymmetry produced,
normalised to the observed value. Majorana masses used in 2(b) are taken from 2(a) for each value of
Re[ω23] and Im[ω23]. In both plots we vary Re[ω23] and Im[ω23] keeping other parameters of the model
fixed at indicative values as in Ref. [24], detailed in the Tables 1 and 2.
In what follows we would like to determine the range of our model parameters for which the
required baryon asymmetry is achieved. In the neutrino sector we use the standard Casas-Ibarra
parametrisation [37] of the see-saw Dirac Yukawa couplings,
Y D † = Uν · √mν · R ·
√
M ×
√
2
v
, (4.2)
where mν and M are diagonal masses of active and Majorana neutrinos respectively, and v =
246 GeV. The active-neutrino-mixing matrix Uν is the PMNS matrix which contains six real
parameters, including three measured mixing angles and three CP-phases. The matrix R is
parametrized by three complex angles ωij .
In our analysis we will choose and fix the values of mν consistent with the solar and atmo-
spheric neutrino mass differences. We will further fix a generic value for the three CP-phases.
The unknown complex angles ωij should be varied over the parameter space. To keep things
as simple as possible, we will chose a 2-dimensional subspace on which we vary the real and
imaginary parts of the complex angle ω23, while keeping ω12 and ω13 fixed. For easy comparison,
our 2-d slice of the omega-space is the same as in Ref. [24] (it can be read off Scenarios 1-3 and
5-7 in Tables 1 and 2 below). For completeness, we will also comment on the results of varying
the other complex angles and CP phases of the parameter space.
Different choices of the three Majorana masses will characterise different benchmark points
we consider. Since in our case the Majorana particle mass (we drop the subscript 0 in what
follows) is M = Y M〈φ〉, there is an additional scale 〈φ〉 which we will vary and specify12.
First we would like to determine the range of allowed values of Majorana masses for sterile
neutrinos in our model. The wash-out rates for the lepton flavours a = e, µ, τ are given by Γa,
12Phenomenologically, it makes sense to use 〈φ〉 and M as the two independent parameters, rather than, say
Y M and 〈φ〉.
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Figure 3: Superposition of the Majorana mass contours in GeV satisfying the wash-out bound with the
baryon asymmetry produced with shaded regions denoting the required baryon asymmetry from Fig. 2
and we require that
Γe
H(TEW )
:=
1
2
∑
i
Y D †ei Y
D
ie γav
TEW
H(TEW )
< 1 . (4.3)
Figure 2(a) shows mass contours in GeV of the lightest Majorana neutrino flavour, such that
the wash-out rate =1 is achieved. This can be interpreted as an upper bound on Majorana
masses for which (4.3) is satisfied. Quite clearly from this perspective it is straightforward to
realise M in the region from few 100 MeV to above 30 GeV or even up to a TeV. The BBN
constrains the lower limit to M > 200 MeV, so we have
200 MeV < M . few × 100 GeV . (4.4)
What about the produced baryon asymmetry? Figure 2(b) plots the ratio nb/n
obs
b . The
baryon asymmetry here is computed using Eq. (3.18) derived for the simple Majorana mass
model [24], where the values of M at each point on the parameter space are taken from Fig. 2(b).
Below we will also compute the asymmetry in the classically conformal Standard Model ×
CWB−L. To generate the observed asymmetry we need to be inside the +1 or -1 contours in
Fig. 2(b).
Figure 3 depicts the superposition of the two panels of Fig. 2. It can be seen that the required
baryon asymmetry (the area inside the two shaded contours in Fig. 3) is indeed generated in
the above mass range.
Figures 2, 3 were obtained by varying the real and imaginary parts of ω23 while keeping
other parameters fixed. We have also checked that desired amounts of the wash-out and the
baryon asymmetry are produced in sizable regions of the parameter space when other complex
angles and CP phases are varied. In our benchmark points described in the Tables below, the
fixed parameters were chosen inside these regions.
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Scenario 1 Scenario 2 Scenario 3 Scenario 4
M1 0.5 GeV 3.6 GeV 200.0 GeV 1.0 GeV
M2 0.6 GeV 4.0 GeV 250.0 GeV 2.0 GeV
M3 0.7 GeV 4.4 GeV 300.0 GeV 3.0 GeV
m1 0.0 meV 0.0 meV 0.0 meV 2.5 meV
m2 8.7 meV 8.7 meV 8.7 meV 9.1 meV
m3 49.0 meV 49.0 meV 49.0 meV 49.0 meV
s12 0.55 0.55 0.55 0.55
s23 0.63 0.63 0.63 0.63
s13 0.16 0.16 0.16 0.16
δ −pi/4 −pi/4 −pi/4 pi
α1 0 0 0 −pi
α2 −pi/2 −pi/2 −pi/2 pi
ω12 1+2.6i 1+2.6i 1+2.6i -1+1.5i
ω13 0.9+2.7i 0.9+2.7i 0.9+2.7i 0.5+2.6i
ω23 0.3-1.5i -1.2i -0.05-0.975i pi-2.4i
nLe/(s× 2.5× 10−10) -4.4 -6.7 -5 -8.3
nLµ/(s× 2.5× 10−10) 39 32 108 32
nLτ/(s× 2.5× 10−10) -34 -25 -103 -24
Γe/H(TEW ) 0.68 0.64 0.84 0.59
Γµ/H(TEW ) 68 290 1× 104 410
Γτ/H(TEW ) 220 920 4× 104 150
Tosc 2× 105 GeV 5× 105 GeV 107 GeV 5× 105 GeV
Table 1: Four benchmark points corresponding to different ranges of Majorana masses.
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Figure 4: The wash-out rate (left panel) and the normalised baryon asymmetry computed in the
classically conformal B − L model. The values of model parameters are defined in the text.
In Table 1 we present our first four benchmark point scenarios. The lepton flavour asym-
metry nLa/s with a = e, µ, τ in all four cases in this Table is calculated using Eq. (3.18) in the
simple Majorana mass model in the formalism of [24]. We also show the washout rates for the
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Figure 5: Superposition of the wash-out rate ≤ 1(inside the shaded ellipse) with the baryon asymmetry
produced from Fig. 4
three flavours, Γa/H(TEW ) and the value of the oscillation temperature.
In Scenarios 1, 2 & 3 we vary Majorana masses Mi of sterile neutrinos from ∼ 500 MeV
(Scenario 1) through ∼ 4 GeV (Scenario 2) to ∼ 200− 300 GeV (Scenario 3). For convenience
values of active neutrino masses in these three scenarios are chosen to be the same as in Scenario
I in [24]. Same applies to the choices of mixing angles. The main lesson of these benchmarks is
to demonstrate the range of variation of Majorana masses in (4.4).
The fourth Scenario in Table 1 is included for completeness, it reproduces Scenario II of [24]
and has a different selection of active neutrino mass values from Scenarios 1-3.
Having established the likely range of Majorana masses, we now proceed to our main point
- namely the analysis of the the classically conformal Standard Model × CWB−L where the
matter-anti-matter asymmetry is computed using the formalism of Section 3.2.
The right panel of Figure 4 shows the baryon asymmetry (normalised to its observed value)
computed using Eqs. (3.28)-(3.29). The values of Majorana masses are chosen in the GeV range:
M1 = 3.6 GeV, M2 = 4.0 GeV and M3 = 4.4 GeV, precisely as in our Scenario 2 in Table 1.
The value of the Coleman-Weinberg vev is chosen 〈|φ|〉 = 105 GeV which corresponds to the
Higgs portal coupling λP =
1
2
(
125 GeV
〈|φ|〉
)2 ' 0.78× 10−6. To achieve the required BAU we must
be either below the +1 contour or above the -1 curve. This amounts to almost the entire area
of Fig. 4(b) being available.
The left plane, Fig. 4(a), plots the wash-out rate contours for the same choice of parameters.
Here we have to be inside the +1 ellipse for baryogenesis to succeed. The superposition of this
wash-out ≤ 1 contour with the baryon asymmetry calculated and depicted on Fig. 4(b) is shown
on Fig. 5.
In the above example we chose a relatively large CW vev, 〈|φ|〉 = 105 GeV, not much below
the value of Tosc = 5× 105 GeV computed for these GeV-scale values of Mi’s. As the result we
ended up with a rather small value of the Higgs portal coupling, λP ∼ 10−6.
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M1 =0.7, Γe/H(Tew)=0.12
M1 =1.7, Γe/H(Tew)=0.3
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Figure 6: Baryon asymmetry (normalised by the observed value) as the function of 〈|φ|〉 for the range
of masses between 0.7 GeV and 4.7 GeV. The washout rates for the electron neutrino flavour (all less
than 1 as required) are also shown in the legend.
A natural and important question to ask is how much freedom do we have to lower 〈|φ|〉 (and
thus raise λP ) while keeping other parameters, such as Majorana masses and consequentially
Tosc fixed? Figure 6 plots the baryon asymmetry (divided by the observed value) as the function
of 〈|φ|〉 for the range of masses between 0.7 GeV and 4.7 GeV (from bottom to top). The figure
also indicates the values of wash-out rates Γe/H(TEW ) < 1. The flat distributions on the right of
the plot correspond to values of 〈|φ|〉 reaching and exceeding the relevant values of temperature
Tosc where leptogenesis begins. These constant values of the generated baryon asymmetry
agree with those computed using the non-dynamical Majorana masses in the formalism of [24]
reviewed above in Sec. 3.1. To the left of the plateau on Fig. 6 there is a small dip followed
by a broad peak which emerges largely due to the first integral in (3.25). The small dip is the
reflection of the dip in the oscillation temperature Tosc in the middle of Fig. 1(b).
Finally, to the left of the plot on Fig. 6, at small values of 〈|φ|〉, all contours converge and
tend to zero rather uniformly, independently of the values of M ’s. To understand this point,
note that according to (3.28),(3.29),
nb ∼ (Y
D)4
(Y M)2
MPl
〈|φ|〉 ∼
〈|φ|〉m2MPl
v4
→ 0 , as 〈|φ|〉 → 0 , (4.5)
and independently of M .
As the result, Fig. 6 shows that rather independently of the values of the chosen Majorana
masses, the contours cross the observed value of baryon asymmetry (normalised at 1) for values
of 〈|φ|〉 ' 1.2× 104 GeV. This gives λP ' 0.5× 10−4.
Tables 2 and 3 detail three new benchmark points (Scenarios 5, 6 & 7) where lepton flavour
asymmetry is generated in the classically scale-invariant B−L model with the Majorana masses
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Scenario 5 Scenario 6 Scenario 7
〈φ〉 105 GeV 2.5× 104 GeV 3.4× 103 GeV
M1 3.6 GeV 3.6 GeV 3.96 GeV
M2 4.0 GeV 4.0 GeV 4.0 GeV
M3 4.4 GeV 4.4 GeV 4.04 GeV
m1 0.0 meV 0.0 meV 0.0 meV
m2 8.7 meV 8.7 meV 8.7 meV
m3 49.0 meV 49.0 meV 49.0 meV
s12 0.55 0.55 0.55
s23 0.63 0.63 0.63
s13 0.16 0.16 0.16
δ −pi/4 −pi/4 −pi/4
α1 0 0 0
α2 −pi/2 −pi/2 −pi/2
ω12 1+2.6i 1+2.6i 1+2.6i
ω13 0.9+2.7i 0.9+2.7i 0.9+2.7i
ω23 0.3-1.5i -1.2i -0.04-0.976i
nLe/(s× 2.5× 10−10) -18 -5 -6.6
nLµ/(s× 2.5× 10−10) 99 27 41
nLτ/(s× 2.5× 10−10) -81 -22 -34
Γe/H(TEW ) 0.64 0.64 0.67
Γµ/H(TEW ) 290 290 304
Γτ/H(TEW ) 920 920 960
Tosc 10
6 GeV 7.5× 107 GeV 9.8× 107 GeV
Table 2: Three benchmark points in the classically conformal B −L model corresponding to Majorana
masses in the GeV range, with the values of the Coleman-Weinberg vev 〈|φ|〉 = 105, 2.5 × 104 and
3.4× 103 GeV.
Scenario 5 Scenario 6 Scenario 7
〈φ〉 105 GeV 2.5× 104 GeV 3.4× 103 GeV
λp 8× 10−7 10−5 0.7× 10−3
Y M1 3.6× 10−5 1.4× 10−4 1.2× 10−3
Y M2 4× 10−5 1.6× 10−4 1.2× 10−3
Y M3 4× 10−5 1.8× 10−4 1.2× 10−3〈
Y D
〉
4× 10−8 4× 10−8 4× 10−8
MZ′ 3.5 TeV < MZ′ < 220 TeV 3.5 TeV < MZ′ < 56 TeV 3.5 TeV < MZ′ < 7.4 TeV
gB−L 0.0175 < gB−L < 1.1 0.15 < gB−L < 1.1 0.5 < gB−L < 1.1
λφ 5× 10−4 < λφ 0.04 < λφ 0.4 < λφ
Table 3: The range of coupling constants corresponding to benchmark points in Table 2.
in the GeV range. In these scenarios we successively lower the vev of the Coleman-Weinberg
filed 〈|φ|〉 from 105 to 3.4 × 103 GeV. The second column, Scenario 6 gives the values of the
portal coupling λP ' 10−5 GeV which is in agreement with the presently available Higgs data
constraints and can be probed by the future experiments [12].
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The third column (Scenario 7) in the Tables 2 and 3 enters the regime where λP approaches
10−3. (To achieve this we brought the three Majorana masses closer together relative to Sce-
narios 5 and 6.) In this case, the Higgs potential is automatically stabilised by the positive
contribution ∝ λ2P to the Higgs self-coupling λH beta function [15,25].
We also show the values of the Majorana Y M and the average value of the Dirac Yukawa〈
Y D
〉
couplings13 along with the ranges for gB−L, or equivalently, the Z ′ vector boson mass,
and the self-coupling of the CW scalar. The lower bound on the Z ′ mass in the Table is the
experimental bound MZ′ ≥ 3.5 TeV which is then translated into the lower bounds on gB−L
via
mZ′ = Qφ · gB−L〈|φ|〉 = 2 gB−L〈|φ|〉 . (4.6)
The upper bounds on MZ′ in the Table follow from the requirement of perturbativity in the
coupling αB−L ≤ 0.1, which gives gB−L . 1.1. For the CW self-coupling λφ the lower bounds
are determined via (c.f. Eq. (2.5)),
λφ =
33
8pi2
(Qφ · gB−L)4 = 33
8pi2
(2 gB−L)4 . (4.7)
5 Conclusions
In a theory with no input mass scales, the Coleman-Weinberg mechanism generates a symmetry-
breaking vev and the mass for the associated scalar from radiative corrections. These scales are
natural in the sense that they are automatically exponentially suppressed compared to the UV
scale at which we initialise the theory. The portal interaction between the Coleman-Weinberg
scalar and the Higgs then generates the electroweak symmetry breaking scale.
We have shown that this theory for a wide range of parameters can generate the observed
value of matter-anti-matter asymmetry via the leptogenesis mechanism due to Majorana neu-
trino oscillations.
As a bonus the B−L theory considered in this paper automatically contains sterile Majorana
neutrinos with masses in the window roughly between 200 MeV and 500 GeV, and a heavier
Z ′ boson. The presently available Higgs data provide valuable constraints on the parameter
space of the model, and future experimental data on Higgs decays will further constrain model
parameters in the Higgs sector [12]. Additional experimental constraints will come from searches
of the sub-TeV-scale sterile neutrinos via a combination of the double beta decay, electroweak
precision data, the LHC searches and the high intensity frontier, see e.g. [38, 39] for recent
reviews. The third ingredient comes from the searches of Z ′ vector bosons, see e.g. [28]. All
these should ultimately provide the discovery potential for this classically conformal theory.
The follow-up paper [40] presents an implementation of the slow-roll inflation mechanism
in a BSM theory with classical scale invariance. This is achieved by introducing an additional
singlet scalar field to the portal interactions of the theory and requiring that this singlet is also
non-minimally coupled to gravity. At the same time, the same singlet provides a viable dark
matter candidate in this theory. Furthermore, the SM Higgs potential is stabilised by the Higgs
portal interactions with the Coleman-Weinberg scalar.
13The latter is computed as the average of
√
2mM/v.
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These results support the BSM model-building strategy which is based on classically scale-
invariant extensions of the SM with portal-type interactions involving the Higgs field as well as
other microscopic scalars. These theories appear to be capable of addressing all the shortcomings
of the SM mentioned in the Introduction.
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